Impaired Stimulation of p38α-MAPK/Vps41-HOPS by LPS from Pathogenic Coxiella burnetii Prevents Trafficking to Microbicidal Phagolysosomes  by Barry, Abdoulaye Oury et al.
Cell Host & Microbe
ArticleImpaired Stimulation of p38a-MAPK/Vps41-HOPS
by LPS from Pathogenic Coxiella burnetii Prevents
Trafficking to Microbicidal Phagolysosomes
Abdoulaye Oury Barry,1,8 Nicolas Boucherit,1,8 Giovanna Mottola,1,2,3,8 Pavol Vadovic,4 Virginie Trouplin,1
Philippe Soubeyran,5 Christian Capo,1 Stefano Bonatti,2,3 Angel Nebreda,6 Rudolf Toman,4 Emmanuel Lemichez,7
Jean-Louis Mege,1 and Eric Ghigo1,*
1CNRS UMR 7278, IRD198, INSERM U1095, Aix-Marseille Universite´, 27 Bd Jean Moulin 13385 Marseille Cedex 05, France
2Department of Medical Biochemistry and Biotechnology
3Faculty of Biotechnological Sciences
University of Naples ‘‘Federico II,’’ Via S. Pansini 5, 80131 Naples, Italy
4Laboratory for Diagnosis and Prevention of Rickettsial and Chlamydial Infections, Institute of Virology, Slovak Academy of Sciences,
Dubravska Cesta 9, 845 05 Bratislava, Slovakia
5INSERM U-624, Aix-Marseille Universite´, Parc Scientifique de Luminy 163, Avenue de Luminy Case 915 13288, Marseille Cedex 9, France
6Institute for Research in Biomedicine (IRB Barcelona) and ICREA, Baldiri Reixac 10, 08028 Barcelona, Spain
7INSERM, U1065, C3M, Universite´ de Nice Sophia-Antipolis, Toxines Microbiennes dans la Relation Hoˆte-Pathoge`nes, 06204 Nice Cedex 3,
France
8These authors contributed equally to this work
*Correspondence: eric.ghigo@univ-amu.fr
http://dx.doi.org/10.1016/j.chom.2012.10.015SUMMARY
Variations in lipopolysaccharide (LPS), a bacterial
outer membrane component, determine virulence
of the obligate intracellular bacteriumCoxiella burne-
tii, but the underlying mechanisms are unknown. We
find that while avirulent C. burnetii LPS (avLPS) stim-
ulates host p38a-MAPK signaling required for proper
trafficking of bacteria containing compartments to
lysosomes for destruction, pathogenic C. burnetii
LPS (vLPS) does not. The defect in vLPS and patho-
genic C. burnetii targeting to degradative compart-
ments involves an antagonistic engagement of
TLR4 by vLPS, lack of p38a-MAPK-driven phosphor-
ylation, and block in recruitment of the homotypic
fusion and protein-sorting complex component
Vps41 to vLPS-containing vesicles. An upstream
activator of p38a-MAPK or phosphomimetic mutant
Vps41-S796E expression overrides the inhibition, al-
lowing vLPS and pathogenic C. burnetii targeting to
phagolysosomes. Thus, p38a-MAPK and its cross-
talk with Vps41 play a central role in trafficking
bacteria to phagolysosomes. Pathogenic C. burnetii
has evolved LPS variations to evade this host
response and thrive intracellularly.
INTRODUCTION
Coxiella burnetii, the causative agent of the zoonosis Q fever, is
a potential biowarfare and bioterrorism agent (Madariaga et al.,
2003; Regis, 1999) and is also responsible for lethal endocarditis
(Raoult et al., 2005). Molecular variations in lipopolysaccharideCell Host &(LPS), a major outer membrane component, primarily determine
the pathogenic properties of C. burnetii (Luka´cova´ et al., 2008;
Toman et al., 2009). Therefore, these variations represent
unique biomarkers of pathogenic C. burnetii strains (Toman
et al., 2009). The composition and structure of lipid A and the
core polysaccharide of LPS are conserved between virulent
and avirulent LPS (vLPS and avLPS, respectively) (Figure S1
available online) (Toman and Vadovic, 2011). By contrast, the
vLPS O-antigen contains virenose and dihydrohydroxystreptose
residues (Toman and Vadovic, 2011). Much remains to be
learned regarding the molecular basis underlying the crosstalk
between the LPS variants and host cells, which determines the
outcome of the infection.
In response to LPS stimulation, Toll-like receptor (TLR)-
signaling controls distinct innate immune defense programs,
particularly thematuration ofmacrophage phagosomes (Blander
and Medzhitov, 2004, 2006). This process involves crosstalk
between mitogen-activated protein kinase (MAPK) signaling
and components of the vesicular trafficking machinery that
have yet to be defined (Blander and Medzhitov, 2006; Fontana
and Vance, 2011; Symons et al., 2006). Pathogenic C. burnetii
is an obligate intracellular bacterial pathogen that must evade
phagolysosomal degradation to survive and replicate (Ghigo
et al., 2002, 2009). In macrophages, virulent C. burnetii bacteria
reside and replicate in compartments known as ‘‘phagolyso-
some-like vacuoles,’’ which have properties of both late endo-
somes and lysosomes. These compartments do not harbor
lysosomal enzymes or the small GTPase RAB7, but have acidic
properties and are positive for lysosomal-associated membrane
protein-1 (LAMP-1) (Barry et al., 2011). These findings suggest
that disruption of phagolysosome maturation by C. burnetii is
a major trait of pathogenic strains. The fusion of a phagosome
with a lysosome (the phagolysosomal conversion process) in-
volves the vacuolar protein-sorting (VPS)-C complex HOPS
(homotypic fusion and protein sorting), which cooperates withMicrobe 12, 751–763, December 13, 2012 ª2012 Elsevier Inc. 751
Figure 1. Differential Intracellular Localization and Growth of Viru-
lent (vCb) and Avirulent (avCb)C. burnetii Strains in Infected BMDMs
(A and B) The intracellular localization of the virulent (vCb) and avirulent (avCb)
C. burnetii strains within macrophages was assessed via confocal micros-
copy. (A) The colocalization ofC. burnetii (red) with LAMP-1 (blue) or cathepsin
D (green) was quantified, and the results are expressed as the mean ± SD
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(Kinchen et al., 2008; Nordmann et al., 2010; Poteryaev et al.,
2010; Rink et al., 2005; Wang et al., 2011). Studies conducted
in yeast have indicated that the Vps41 protein, a key component
of the HOPS complex, is required for the stabilization of the
HOPS complex on the endosomal membrane prior to fusion
with the vacuole and is controlled by the vacuolar casein kinase
Yck3 (Cabrera et al., 2009; LaGrassa and Ungermann, 2005;
Nickerson et al., 2009).
In this study, we establish how the crosstalk between
p38a-MAPK and the HOPS-component Vps41 dictates the
proper trafficking of vesicles containing avirulent C. burnetii to
phagolysosomes and how this determines the differential intra-
cellular survival properties of virulent/avirulent bacteria.
RESULTS
Virulent C. burnetii and vLPS Do Not Reach Lysosomal
Compartments
Early in this study, we observed a direct correlation between vari-
ation in vesicular trafficking of virulent (vCb) or avirulent (avCb)
strains of C. burnetii and their differential capacity to survive in
bone marrow-derived macrophages (BMDMs). This observation
was made by studying the pathogenic C. burnetii RSA493 strain
(vCb), which is a phase I, biosafety level 3 strain known to cause
Q fever in humans and productive infection in mice (Russell-Lo-
drigue et al., 2009). Indeed, avCb bacteria localized in phagoly-
sosomal compartments, which are defined by the presence of
LAMP-1, the soluble lysosomal hydrolase cathepsin D (catD)
(Figure 1A), and RAB7 (Figure 1B). In parallel, we determined
that 90% of avCb bacteria were killed in macrophages, in
contrast to vCb bacteria, which were not degraded in lysosomes
and were able to replicate (Figures 1A and 1C). An analysis of the
intravesicular localization of vCb revealed the preferential local-
ization of these bacteria to compartments that were devoid of
catD (Figure 1A) and RAB7 (Figure 1B). By monitoring the intra-
vesicular trafficking of C. burnetii vLPS and avLPS, we were
able to attribute this difference in routing to variations in LPS
composition between the strains (Luka´cova´ et al., 2008; Pretat
et al., 2009) (Figures 2 and S2). Macrophage compartments
containing either type of LPS showed a progressive acquisition
of LAMP-1 (>85% LPS/LAMP-1 colocalization at 120 min;
Figures 2A, 2B, and 2E). Compartments containing avLPS also
progressively acquired catD (>90% LPS/catD colocalization at
120 min; Figures 2B and 2F). By contrast, we observed a lack
of colocalization between catD and vLPS (<10% vLPS/catD
colocalization at 120 min; Figures 2A and 2F). Experiments con-
ducted with a-N-acetylglucosaminidase, a soluble lysosomal
hydrolase (Ficko-Blean et al., 2008), confirmed that vLPS did(n = 3). The scale bar indicates 5 mm. avCb, but not vCb, localized within
phagolysosomes. (B) The colocalization of C. burnetii (red) and RAB7 (green)
was quantified, and the results are expressed as the mean ± SD (n = 3). The
scale bar indicates 5 mm. avCb, but not vCb, localized within RAB7-containing
compartments.
(C) BMDMs were infected with strains of C. burnetii expressing either vCb or
avCb, and bacterial replication was determined using quantitative real-time
PCR. The results are expressed as the DNA copy number (mean ± SD; n = 4).
The vCb bacteria replicated within macrophages, whereas the avCb bacteria
were eliminated. See also Figure S1.
evier Inc.
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absence of vLPS within the lysosomes was not a result of
a general delay in vesicular trafficking (Figure S2B) or due to
the sequestration of vLPS within autophagosomes (Figure S2C).
In addition, we excluded any potential delay in the trafficking of
vLPS via routing through the Golgi apparatus and/or the endo-
plasmic reticulum (Figures S2D and S2E) (Giles and Wyrick,
2008; Latz et al., 2002). Therefore, our analysis identified a defect
in the trafficking of virulent C. burnetii into phagolysosomes that
we attributed to vLPS.
Defective RAB7 Recruitment to vLPS-Containing Late
Endosomes
RAB proteins are small GTPases that control specific steps of
vesicular trafficking (Stenmark, 2009). RAB5 localizes to early
endosomes and is involved in the transition from early to late en-
dosomes (Zerial and McBride, 2001). RAB7 localizes to late
endosomes, where it governs the biogenesis of lysosomes and
phagolysosomes (Bucci et al., 2000; Wang et al., 2011). Based
on this information, we analyzed the distribution of these RAB
proteins on the membranes of vLPS- or avLPS-containing com-
partments. We hypothesized that alterations in the recruitment
of RAB5 and/or RAB7 might explain the defective targeting of
vLPS to lysosomes. Immediately after internalization, we ob-
served a transient colocalization of avLPS and RAB5 in BMDMs
(Figures S2G and S2H). This colocalization was followed by
a strong colocalization of avLPS and RAB7 at later time periods
(>80% avLPS/RAB7 colocalization at 90 min; Figures 2D and
2G). vLPS, regardless of an initial time delay, also transiently co-
localized with RAB5 (Figures S2F and S2H). However, in contrast
to avLPS, it did not reach RAB7-positive compartments (<10%
vLPS/RAB7 colocalization at 90 min; Figures 2C and 2G). Impor-
tantly, the absence of colocalization between vLPS and RAB7
was not a result of a delay in routing to lysosomes (Figure S2B).
These data collectively reveal a defect in the recruitment of RAB7
to the membrane of vLPS-containing endosomes, as observed
for vCb.
p38a-MAPK Activation Is Required for the Trafficking of
vCb and vLPS to Lysosomes
We next aimed to determine the mechanism underlying the
defects in phagolysosomal conversion and its involvement in
bacterial virulence. MAPK-signaling pathways have crucial func-
tions in the transduction of signals downstream of TLR stimula-
tion by LPS (Blander and Medzhitov, 2004, 2006). Interestingly,
these kinases also play a role during the early stages of mem-
brane trafficking to favor RAB5 activation (Scita and Di Fiore,
2010; Sorkin and von Zastrow, 2009). We performed immuno-
blotting experiments to monitor MAPK activation by C. burnetii
avLPS and vLPS. Within 30 min of treatment with either form of
LPS, we detected stimulation of the ERK1/2 and JNK-signaling
pathways in BMDMs (Figure 3A). At this time point, we observed
an absence of phosphorylated p38a-MAPK in BMDMs chal-
lenged with vLPS, in contrast to avLPS-challenged BMDMs, in
which we detected phosphorylated p38a-MAPK (Figure 3A).
In support of this finding, we also observed an absence of
p38a-MAPK phosphorylation in BMDMs infected with vCb com-
pared with those infected with avCb (Figure 3B; Boucherit et al.,
2012). These results define p38a-MAPK as a key host factorCell Host &differentially engaged during infection with avirulent and virulent
strains of C. burnetii.
Further analyzing these signaling defects, we found that the
p38a-MAPK upstream activator MKK3/6 was not activated in
cells challenged with vLPS unlike the activation observed in cells
challenged with avLPS (Figure 3C). Consistent with a difference
in bacterial strain recognition by the host cells, we measured
a 10-fold lower production of the proinflammatory cytokines
interleukin (IL)-6 and tumor necrosis factor (TNF)-a in cells stim-
ulated with vLPS compared with cells stimulated with avLPS
(Figure 3D). The p38a-MAPK-signaling pathway operates down-
stream of TLR4 (Kopp and Medzhitov, 2003), and the colocaliza-
tion of LPSs in TLR4-deficient macrophages confirmed the
requirement for TLR4 in the targeting of LPSs to lysosomes
(Figure 3E). We show that in TLR4-deficient macrophages,
avLPS did not colocalize with cathepsin D, in contrast to vLPS.
Thus, we evaluated p38a-MAPK phosphorylation in wild-type
and TLR4-deficient macrophages challenged with C. burnetii
LPS (Figure 3F). TLR4 is required for the differential stimulation
of p38a-MAPK (Figure 3F). Indeed, we observed an activation
of p38a-MAPK in TLR4-deficient macrophages challenged
with vLPS. Whereas, as expected, avLPS did not activate
p38a-MAPK in TLR4-deficient macrophages. Taken together,
these data demonstrate that the p38a-MAPK pathway-depen-
dent trafficking of LPSs to lysosomes requires TLR4.
We next attempted to analyze the relevance of p38a-MAPK
activity in the intracellular trafficking of vLPS. We first evaluated
whether the forced activation of p38a-MAPK could lead to the
proper localization of vCb and vLPS to degradative phagolyso-
somes. Therefore, we expressed a constitutively active form of
MKK6 (GFP-MKK6DD), an upstream activator of p38a-MAPK.
Expression of GFP-MKK6DD in macrophages restored the co-
localization of vLPS or vCb with phagolysosomal markers (Fig-
ures 4A and 4B). Under these conditions, vLPS also colocalized
with RAB7 (Figure 5A). Importantly, the expression of GFP-
MKK6DD also resulted in the killing of vCb in macrophages (Fig-
ure S3A). Complementary to these findings, avLPS did not reach
lysosomes in p38a/mouse embryonic fibroblasts (MEFs); this
finding is in contrast to that observed for wild-type MEFs, where
avLPS reached the lysosomes (Figure 4C). More specifically, in
p38a/ MEFs, we detected less than 10% avLPS/lysosomal
marker colocalization compared with 90% colocalization in
wild-type MEFs. Additionally, avLPS and avCb failed to reach
the lysosomes ofmacrophages treated with a p38a-MAPK inhib-
itor (Figures S3B and S3C). Overall, these functional analyses
establish a critical role for p38a-MAPK signaling in C. burnetii
fate and trafficking to lysosomes.
vLPS of C. burnetii Does Not Induce Vps41
Phosphorylation, Preventing Delivery into
Phagolysosomes
The role of p38a-MAPK in the trafficking of C. burnetii avLPS to
lysosomes prompted us to examine the molecular mechanisms
involved. The expression of wild-type RAB7 or the constitutively
active mutant RAB7:Q67L did not result in the colocalization of
vLPS with RAB7 (less than 10% colocalization; Figure 5A). This
expression also failed to induce the trafficking of vLPS into lyso-
somes (less than 15%; Figure 5A). Therefore, we concluded that
RAB7 expression and activation were not sufficient to targetMicrobe 12, 751–763, December 13, 2012 ª2012 Elsevier Inc. 753
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compartments containing vLPS was observed following expres-
sion of MKK6DD (Figure 5A). Therefore, we hypothesize that
MKK6DD/p38a-MAPK acts on a protein that might regulate or
cooperate with RAB7.
Because p38a-MAPK is a serine/threonine kinase, we
searched for proteins involved in endolysosomal fusion that
have been described as a substrate of serine/threonine kinases.
Studies in yeast have indicated that the Vps41 protein is required
for the stabilization of the HOPS complex at the endosomal
membrane prior to fusion with vacuoles. Moreover, serine (Ser)
phosphorylation of Vps41 by the vacuolar casein kinase Yck3
is critical for HOPS function and for transport to the vacuoles
(Cabrera et al., 2009; LaGrassa and Ungermann, 2005; Nicker-
son et al., 2009). Therefore, we aimed to determine whether
LPS-induced p38a-MAPK activation has an effect on the phos-
phorylation of Vps41. BMDMs were challenged with C. burnetii
LPSs, and the phosphorylation of Vps41 was monitored. This
set of experiments revealed that avLPS triggered the phosphor-
ylation of Vps41 on serine residues (Figure 5B). This result also
demonstrated that the phosphorylation of Vps41 is specifically
triggered by avLPS because no effect was observed when
vLPS was used (Figure 5B). Experiments performed in non-
starved conditions showed that there was a pool of activated
p38a-MAPK that could phosphorylate Vps41, although at low
efficiency (Figure S4A).
Functional analyses revealed that avLPS and avCb colocal-
ized with Vps41 (88% ± 4% and >90% colocalization, respec-
tively) in contrast to vLPS and vCb, which did not colocalize
with Vps41 (13% ± 3.5% and 20% colocalization, respectively;
Figures 5C and 5D). Furthermore, we observed that vCb and
vLPS colocalized with Vps41 after the expression of MKK6DD
in macrophages (Figures 5C and 5D). Using a different activator
of p38a-MAPK, such as IFN-g (Matsuzawa et al., 2012), we were
also able to force the colocalization of vLPS and Vps41 (Fig-
ure S4B). In addition, we blocked the colocalization of avCb
and Vps41 by treating macrophages with a p38a-MAPK inhibitor
(Figure S3D). We confirmed that inhibition of p38a-MAPK
blocked the phosphorylation of Vps41 in BMDMs challenged
with avLPS (Figure 5F). Complementary to these findings, we
observed that p38a-MAPK coimmunoprecipitated with Vps41,
and vice versa, demonstrating their interaction in avLPS-treated
BMDMs (Figures 6A and 6B). Taken together, these findings
prompted us to investigate whether p38a-MAPK directly targets
Vps41. Using an in vitro phosphorylation assay, we observed
a shift in the gel mobility of Vps41 in the presence of activated
p38a-MAPK and ATP (Figure 5E). The phosphorylation of
Vps41 was confirmed by performing antiphosphorylated serine
immunoblotting (Figure 5E). Using bioinformatics analyses, we
screened available databases for p38a-MAPK sites within the
Vps41-sequence (NetphosK, http://www.cbs.dtu.dk/services/
NetPhosK/) and identified two potential phosphorylation sitesFigure 2. In Contrast to avLPS, vLPS Prevents Lysosomal Targeting
(A–D) BMDMs were treated with vLPS (A and C) or avLPS (B and D) from C. b
monitored via confocal microscopy. (A) and (B) show the levels of colocalization b
levels of colocalization between LPS (red) and RAB7 (green).
(E–G) The colocalization levels were quantified, and the results are expressed as
colocalize with cathepsin D- or RAB7-positive compartments. Scale bars, 5 mm.
Cell Host &at positions S83 and S796 (Figure 7A) with scores of 0.53 and
0.59, respectively. To confirm the importance of Vps41 phos-
phorylation, the putative serine residues (S83 and S796) identi-
fied by the bioinformatic analyses (Figure 7A) were mutated
into glutamic acid or alanine residues. The resulting Vps41 phos-
phomimetic mutants (Vps41:S83E, Vps41:S796E) and Vps41:
S796A were expressed in p38a/MEFs. Remarkably, we found
that in contrast to Vps41:WT and Vps41:S83E, the Vps41:S796E
mutant promoted the colocalization of vLPS with cathepsin D-
(Figures 7B and 7C) and RAB7- (Figures 7B and 7C) containing
compartments. Similar data were obtained for avLPS using
p38a/ MEFs expressing Vps41:S796E (Figures 7D and 7E).
In summary, our data support the hypothesis that Vps41 is
a target of p38a-MAP kinase and demonstrate the importance
of this signaling axis in the targeting of avLPS to lysosomes.
DISCUSSION
In this study, we demonstrate that the pathogenicity of
C. burnetii primarily resides in the ability of its LPS variants to
block the activation of p38a-MAPK signaling, which is required
for the proper targeting of the bacteria to microbicidal lysosome
compartments. We provide evidence that p38a-MAPK interacts
with and phosphorylates the Vps41 subunit of the HOPS com-
plex. Complementary to these findings, our functional analyses
also suggest that phosphorylation of Vps41 by p38a-MAPK
at serine 796 promotes the trafficking of avirulent C. burnetii
bacteria and LPS to lysosomes.
MAP kinases relay signals in response to environmental cues,
such as the presence of bacterial agents, to drive the expression
of genes involved in innate immunity (Davis, 2000). Growing
evidence also points to a direct role for MAPK in the biogenesis
and dynamics of endocytic compartments (Sorkin and
von Zastrow, 2009). In particular, p38a-MAPK resides at the
center of stress-induced signaling cascades (Davis, 2000) and
regulates early endocytic events in the endocytic pathway
(Cavalli et al., 2001; Mace´ et al., 2005). Previous studies have es-
tablished that p38a-MAPK controls early endocytic steps by
phosphorylating two RAB5 effectors, EEA1 and rabenosyn-5
(Mace´ et al., 2005). Furthermore, studies using inhibitors of
the p38a-MAPK pathway have suggested its involvement in
the phagocytic process (Blander and Medzhitov, 2004; Souza
et al., 2006, 2007). Consistent with a defect in p38a-MAPK
activity, we also observed a time delay in the colocalization of
RAB5 with vLPS (Figures S5A and S5C), and an internalization
delay has been previously described for vCb (Capo et al.,
2003). Most importantly, in this study, we show that p38a-MAPK
also plays a key role at a late stage of vesicular trafficking via the
engagement of Vps41-HOPS. The HOPS heteromeric complex
is comprised of six subunits, among which Vps39 and Vps41
bind RAB7, and it is required for both the transition of late endo-
somes into lysosomes and the conversion of late phagosomesurnetii. The maturation of the intracellular compartments containing LPS was
etween LPS (red), LAMP-1 (blue) and cathepsin D (green). (C) and (D) show the
the mean ± SD (E and F, n = 4; G, n = 5). In contrast to avLPS, vLPS did not
See also Figure S2.
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Figure 3. avLPS, but Not vLPS, Induces p38a-MAPK Signaling
(A) BMDMs were stimulated with vLPS or avLPS. Representative immunoblot showing the levels of total (t) and phosphorylated (p) MAPK ERK1/2, JNK and p38a
(n = 3). This result shows that vLPS did not induce p38a MAPK activation.
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2011). In yeast, serine phosphorylation of Vps41 by Yck3 has
been shown to promote targeting of the HOPS complex to endo-
some-vacuole fusion sites and to confer a requirement for GTP-
bound Ypt7 for membrane tethering and fusion in vitro (Cabrera
et al., 2009; Zick and Wickner, 2012). In this study, we demon-
strate the crosstalk between p38a-MAPK and Vps41, and that
this crosstalk plays a key role in the innate immune response
toC. burnetii. Consistent with the function of Vps41 as stabilizing
factor of the HOPS/Ypt7 complex at the membrane in yeast, our
functional analysis identified a defect in the recruitment of RAB7
to vLPS-containing phagosomes. This defect is abrogated upon
p38a-MAPK activation or overexpression of phosphomimetic
activated Vps41. RAB7 activation was not sufficient to rescue
the endolysosomal conversion of compartments containing
vLPS. However, the relationship between the HOPS complex
and Ypt7/RAB7 at the endosomes and lysosomes is complex
(Nickerson et al., 2009). Indeed, HOPS may play dual roles as
it can act both upstream (by interacting with the RAB7 GEF
Mon1/Sand1) and downstream (by functioning as a tethering
effector of RAB7) to facilitate endosomal membrane fusion
(Nickerson et al., 2009; Peralta et al., 2010). Further investigation
in mammalian cells and under pathogenic conditions will be
required to understand the cooperation between HOPS and
RAB7. Remarkably, recent studies have shown a conserved
neuroprotective function of human Vps41 against Parkinson’s
disease toxins in mammalian cells and Caenorhabditis elegans
neurons, supporting Vps41 as a potential therapeutic target for
the treatment of synucleinopathies (Peralta et al., 2010; Ruan
et al., 2010). Our data define the critical role of p38a-MAPK at
a late stage of the degradative pathway via the engagement of
the Vps41-HOPS host factor.
Remarkably, macrophages from Q fever patients present a
defect in phagosome maturation (Ghigo et al., 2004). Major
advances have been made in characterizing how pathogen viru-
lence factors disrupt macrophage signaling via the posttransla-
tional modification of critical host factors (Ribet and Cossart,
2010; Rosenberger and Finlay, 2003). In this study, we demon-
strate a critical role of the virulent LPS variant from pathogenic
C. burnetii, which is responsible for the lack of targeting of the
bacteria to phagolysosomes. We demonstrate that the differen-
tial activation of p38a-MAPK signaling by avLPS and vLPS
determines the outcome of macrophage infection at the level
of phagolysosome conversion. vCb and avCb have been shown
to modulate p38a-MAPK in cells other than macrophages (Hus-
sain et al., 2010; Voth and Heinzen, 2009). Thus, the survival of
intracellularC. burnetii involves the lack of p38-MAPK phosphor-(B) BMDMs were stimulated with virulent (vCb) or avirulent (avCb) C. burnetii.
immunoblotting. The presented blot is representative of three experiments.
(C) BMDMs were stimulated with C. burnetii vLPS or avLPS. Representative imm
(n = 3). This result shows that vLPS did not induce MKK3/6 activation.
(D) The production (pg/ml) of TNF-a and IL-6 by BMDM that were stimulated for 16
the mean ± SD from three experiments. This result shows that the TLR4-Myd88-
(E) The colocalization between cathepsin D and the LPSs within TLR4-deficient
software. The results are expressed as the mean ± SD from two experiments.
(F) BMDMs from wild-type or TLR4-deficient mouse macrophages were treate
p38a-MAPK were analyzed via immunoblotting. The presented blot is represen
phosphorylation.
Cell Host &ylation due to a variation in its LPS composition. Variation in LPS
composition is one strategy used by pathogens to interfere with
cell activation following TLR engagement (Miller et al., 2005). In
this study, we demonstrate that the vLPS of virulent phase I
C. burnetii has a unique property to blunt host induction of
the p38a-MAPK signaling that is required for the targeting
of bacteria to lysosomes, which also requires the expression
of TLR4 (Jime´nez de Bagu¨e´s et al., 2005). The specific determi-
nants that distinguish avLPS from vLPS in enterobacteria reside
in the O-antigen of vLPS, which bears two unusual sugars, vire-
nose and dihydrohydroxystreptose (Toman and Vadovic, 2011;
Vadovic et al., 2005, 2011). Bacterial outer-membrane compo-
nents, such as the lipophosphoglycan of leishmania and the
lipoarabinomannan of mycobacteria, are able to impair the con-
version of phagosomes into phagolysosomes. This virulence
strategy involves the LPG-induced chelation of cholesterol,
which subsequently disrupts membrane rafts (Lodge and De-
scoteaux, 2008) or the inhibition of the production of phosphati-
dylinositol 3-phosphate by Vps34 (Philips, 2008). LPS from
Brucella abortus also acts as a trafficking diversion agent.
Indeed, Brucella mutants with an altered LPS O-side chain are
trafficked to phagolysosomes (Porte et al., 2003). However,
how this mechanism is controlled has not been elucidated.
Here, we demonstrate a complex crosstalk between the LPS
variants and TLR4 host factors that results in the differential
phosphorylation of p38a-MAPK. In addition, avLPS fails to
induce Vps41 phosphorylation in TLR4/ BMDMs (Figure 6C).
Our results show that TLR4 is necessary for the inhibition of
p38a-MAPK phosphorylation when cells are stimulated with
vLPS. In the absence of TLR4, vLPS-containing the com-
plex sugar dihydrohydroxystreptose and virenose engages
p38a-MAPK activation through a receptor that remains to be
identified. Thus, vLPS acts as an antagonist of TLR4.
Collectively, our data reveal the importance of the
p38a-MAPK/Vps41-HOPS axis for avirulent C. burnetii traf-
ficking to lysosomes and the role of LPS variants in corrupting
this innate immune mechanism.EXPERIMENTAL PROCEDURES
Ethics Statement
All of the animal experiments were conducted according to the Guiding Prin-
ciples of Animal Care and Use defined by the Conseil Scientifique du Centre
de Formation et de Recherche Expe´rimentale Me´dico-Chirurgicale (CFREMC)
and according to the rules of De´cret N 87-848 as of 10/19/1987. All of the
animal experiments were also approved by the ethics board of the university
where the experiments were performed (Faculte´ de Me´decine, Marseille,
experimentation permit number 13.385).The levels of total (t) and phosphorylated (p) p38a-MAPK were analyzed via
unoblot showing the levels of total (t) and phosphorylated (p) MAPK MKK3/6
hr with LPSs (1 mg/ml) was determined via ELISA. The results are expressed as
signaling pathway is not induced by vLPS.
BMDMs was visualized via confocal microscopy and quantified using ImageJ
d with vLPS or avLPS, and the levels of the total (t) and phosphorylated (p)
tative of three experiments. TLR4 is required for vLPS to inhibit p38a-MAPK
Microbe 12, 751–763, December 13, 2012 ª2012 Elsevier Inc. 757
Figure 4. avLPS, but Not vLPS, Induces
p38a-MAPK Signaling, which Drives Endolyso-
somal Conversion
(A) BMDMs were transfected with lentiviruses ex-
pressing GFP (i, ii) or GFP-MKK6DD (iii, iv). After
120 min of vLPS treatment, the colocalization of vLPS
(red) and cathepsin D (green) was determined (i and iii)
and quantified (vii). The results are expressed as the
mean ± SD (n = 3). (ii) and (iv) show the expression
patterns of GFP and GFP-MKK6DD, respectively.
Immunoblot analysis was used to confirm the increased
levels of p38a-MAPK phosphorylation after the
expression of MKK6DD compared with the un-
transduced (control) and GFP-expressing cells (v).
(B) The colocalization of vCb (red) and cathepsin D
(green) (i) and the quantification (iii) of MKK6DD-ex-
pressing cells are shown. (ii) shows the expression
pattern of GFP-MKK6DD. The results are expressed as
the mean ± SD (n = 2). The expression of MKK6DD in
macrophages induced the colocalization of vLPS and
vCb with lysosomes.
(C) Wild-type MEFs and p38a/ MEFs were treated
with avLPS for 120min, and the colocalization of avLPS
(red) and cathepsin D (green) was determined (i and ii)
and quantified (iv). Immunoblot analysis confirmed that
in contrast to the wild-type MEFs, the p38a/ MEFs
did not express p38a (iii). The results are expressed as
themean ± SD (n = 4). The scale bar indicates 5 mm. The
absence of p38a-MAPK affected the targeting of avLPS
to the lysosomes. See also Figure S3.
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Figure 5. The Association between
p38a-MAPK, RAB7, and Vps41 Activation
(A) BMDMs were transfected with plasmids ex-
pressing GFP-RAB7:WT (i), GFP-RAB7:Q67L (ii),
or GFP-MKK6DD (iii and iv). (i) and (ii) show the
colocalization of vLPS (red) and lysosomes
labeled with cathepsin D (green) and GFP-
RAB7:WT or GFP-RAB7:Q79L (blue). (iii) shows
the colocalization of vLPS (red) with endogenous
RAB7 (green). In (iv), the expression of GFP-
MKK6DD is visualized. The colocalization of LPS
with either cathepsin D or RAB7 was quantified (v).
The expression of MKK6DD induced the colocal-
ization of vLPS and RAB7. By contrast, the
expression of neither RAB7:WT nor GFP-
RAB7:Q79L induced the colocalization of vLPS
and RAB7. The results are expressed as the
mean ± SD (n = 3).
(B) BMDMs in starved conditions were untreated
or treated with vLPS or avLPS. Vps41 was
immunoprecipitated from the cell lysates, and the
serine-phosphorylated forms (p-Serine) were
visualized via immunoblotting. An aliquot of the
lysate (input) was also loaded to demonstrate
the total amount of Vps41. The presented blot
is representative of three experiments. Serine
phosphorylation was not detected in the presence
of vLPS.
(C) C. burnetii vLPS (i) and avLPS (ii) were inter-
nalized by BMDMs, and vLPS (iii) was internalized
by BMDMs expressing MKK6DD. The colocaliza-
tion of LPS (red) and Vps41 (green) was analyzed.
In (iv), the expression of GFP-MKK6DD is pre-
sented. The colocalization of LPS and Vps41 was
quantified using ImageJ software (v). The results
are expressed as the mean ± SD (n = 3).
(D) vCb (i) and avCb (ii) were internalized by
BMDMs, and vCb (iii) was internalized by BMDMs
expressing MKK6DD. The bacterial (red) colocal-
ization with Vps41 (green) was analyzed using
confocal microscopy. In (iv), the expression of
GFP-MKK6DD is shown. The colocalization of the
bacteria and Vps41 was quantified using ImageJ
software (v). The results are expressed as the
mean ± SD, n = 3 experiments. The scale bar
indicates 5 mm. Neither vLPS nor vCb colocalized
with Vps41. MKK6DD overexpression induced the
colocalization of vLPS and vCb with Vps41.
(E) (i) Vps41 and activated p38a-MAPK were
incubated with or without ATP, and the shift in
mobility due to the phosphorylation of Vps41
by activated p38a-MAPK was analyzed via immunoblotting. Vps41 was phosphorylated by p38a-MAPK. (ii) Vps41 and activated p38a were incubated with or
without ATP, and the serine phosphorylation of Vps41 was assessed via immunoblotting.
(F) BMDMs in starved conditions were mock treated or pretreated with 10 mM SB239063 (Sigma-Aldrich), an inhibitor of p38a-MAPK, for 1 hr and then were
incubated with or without avLPS. Vps41 was immunoprecipitated from the cell lysates, and the serine-phosphorylated (p-Serine) forms were visualized via
immunoblotting. An aliquot of the lysate (input) was also loaded to demonstrate the total amount of Vps41. The presented blot is representative of three
experiments. Serine phosphorylation was not detected in cells treated with the p38-MAPK inhibitor. See also Figure S4.
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Cell Culture
BMDMs were generated from 6- to 8-week-old C57BL/6 mice and TLR4/
mice, as previously described (Cook et al., 2007; Ren et al., 2005). Differenti-
ated BMDMs and p38a/ MEFs (Adams et al., 2000) were grown in DMEM
supplemented with 10% fetal calf serum, 2 mM L-glutamine, 100 IU/ml peni-
cillin, and 100 mg/ml streptomycin at 37C in 5% CO2.Cell Host &Cell Transfection
BMDMs were transfected using a modified lentivirus encoding GFP-
MKK6DD, GFP-RAB7:WT, or GFP-RAB7:Q67L (see Supplemental Experi-
mental Procedures). After 72 hr, approximately 70%–80% of the BMDMs
had been transfected.
p38a/ MEFs were transfected with HA-Vps41:WT, HA-Vps41:S83E, HA-
Vps41:S796E or HA-Vps41:S796A (see Supplemental Experimental Proce-
dures) using Lipofectamine 2000 (Invitrogen). After 24 hr, approximately
89%–90% of the p38a/ MEFs had been transfected.Microbe 12, 751–763, December 13, 2012 ª2012 Elsevier Inc. 759
Figure 6. p38a-MAPK and Vps41 Interact Reciprocally and TLR4
Engagement Is Required for the Phosphorylation of Vps41
(A and B) Starved BMDMs were not treated or treated with avLPS. (A)
Vps41 was immunoprecipitated from the cell lysates, and the coimmuno-
precipitation with total (t) p38a-MAPK was visualized via immunoblotting.
An aliquot of the lysate (input) was also loaded to demonstrate the total
amount of Vps41. The presented blot is representative of two experiments.
(B) Total (t) p38a-MAPK was immunoprecipitated from the cell lysates, and
the coimmunoprecipitation with Vps41 was visualized via immunoblotting.
An aliquot of the lysate (input) was also loaded to demonstrate the total
amount of total (t) p38a-MAPK. The presented blot is representative of
two experiments. These results show that p38a-MAPK and Vps41 interact
reciprocally.
(C) Starved wild-type and TLR4-deficient BMDMs were either left untreated
or treated with avLPS. Vps41 was immunoprecipitated from the cell lysates,
and the serine-phosphorylated form (p-Serine) was visualized via immuno-
blotting. An aliquot of the lysate (input) was also loaded to demonstrate the
total amount of Vps41. The presented blot is representative of two experi-
ments. These data demonstrate that TLR4 engagement is required for Vps41
serine phosphorylation.
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LPS Endocytosis
Cells were incubated with 1 mg/ml C. burnetii LPS for 1 hr at 4C and then
extensively washed with culture medium to remove unbound LPS. The cells
were then incubated in culture medium at 37C for different time periods
(10–120 min) and processed for immunofluorescence staining.
C. burnetii Infection
Cells were incubated with C. burnetii (200 virulent bacteria or 50 avirulent
bacteria per cell) for 4 hr at 37C. After washing to remove free bacteria
(day 0), the cells were cultured, and the infection was quantified using quanti-
tative real-time PCR, as previously described (Meghari et al., 2007). For
confocal microscopy experiments, the cells were fixed with PFA and pro-
cessed for immunofluorescence staining as described below. Colocalization
was analyzed as previously described (Ghigo et al., 2010).
Confocal Microscopy
The cells were prepared for immunofluorescence labeling as previously
described (Chu and Ng, 2004; Forestier et al., 1999; Ghigo et al., 2010) and
imaged using an inverted Leica TCS SP5 and SP6 confocal laser-scanning
microscope (Leica, Heidelberg, Germany) (see Supplemental Experimental
Procedures).760 Cell Host & Microbe 12, 751–763, December 13, 2012 ª2012 ElsImmunoblot Analysis
BMDMswere stimulated with 1 mg/ml vLPS or avLPS. At the designated times,
the BMDMs were washed with ice-cold PBS, and immunoblotting was per-
formed as previously described (Al Moussawi et al., 2010). The detection of
total ERK1/2, total p38a, MKK3/6 and a-tubulin was performed on stripped
membranes (Restore Western Blot, Pierce). The immunoblots were visualized
using an Amersham Biosciences revelator or an LAS 4000 camera system
(GE Healthcare).
Immunoprecipitation
BMDMs were treated with or without LPS and lysed. Vps41 was immunopre-
cipitated, and its phosphorylation was analyzed via immunoblotting (see
Supplemental Experimental Procedures).
Vps41 Phosphorylation Assay
Vps41 was phosphorylated in vitro, and the phosphorylation of Vps41 was
analyzed using mobility shift assays, as previously described (Cabrera et al.,
2009) (see Supplemental Experimental Procedures).
Statistical Analysis
The results are expressed as the mean ± SD and were analyzed using the
nonparametric Mann-Whitney U test. Differences were considered significant
at p < 0.05.
SUPPLEMENTAL INFORMATION
Supplemental Information includes four figures and Supplemental Experi-
mental Procedures and can be found with this article online at http://dx.doi.
org/10.1016/j.chom.2012.10.015.
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